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 1 
Abstract 
 
Dietary restriction (DR) increases lifespan in many organisms. The effect of DR is 
best studied in the budding yeast Saccharomyces cerevisiae; however, previous studies of 
the DR effect on yeast lifespan tend to be qualitative. Here, we quantitatively study the 
effect of DR on lifespan for a selection of gene deletions in a 168-strain set of 
Saccharomyces cerevisiae. Lifespans of these yeast mutants were measured in YPD with 
2% glucose and 0.05% glucose conditions. To quantify the aging process and its 
influence by DR, we fit yeast lifespan data with a three-parameter network aging model 
that is informative of the gene network changes during aging. We estimated three 
parameters – initial mortality rate, initial virtual age, and average gene interactions per 
essential gene from yeast lifespans. We compared these parameters for mutants that can 
shorten or extend lifespan under DR conditions. Data-mining approaches using R-based 
programming software were performed to find statistically significant associations 
between the network aging parameters and genotype-dependent responses to DR. In both 
cases of shortening and extending lifespan, the genes which had a major effect upon 
removal resulted in an increase in average gene interactions under DR conditions. It was 
also observed that for a majority of genes causing noteworthy changes in lifespan, there 
existed a directly proportional relationship between shortening or extending lifespan and 
how that gene positively or negatively influences initial mortality rate as well as initial 
virtual age. A few exceptional genes to these trends were identified, discussed, and noted 
as potential subjects of future study.  
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 4 
Introduction 
 
The ageing process is a fundamental subject in biology. Over the last few 
decades, the concept of cellular aging as it relates to organism lifespan has prompted 
major discussion and debate. Despite continued research efforts to further understanding 
on the subject, the mechanisms behind aging at molecular levels remain unclear [1] 
Recent exploration has determined that cellular aging is strongly influenced by 
the complex interactions of coordinated gene networks. Determining the role of aging as 
an emergent property of gene networks requires a series of unique statistical analysis and 
predictive modeling to further the understanding and identification of the mechanisms 
behind lifespan extension [2]. 
One of the most widely studied environmental manipulations used to analyze 
lifespan extension is the condition of Dietary Restriction (DR).  It is largely known that 
DR increases the lifespan in yeast cells, worms, fruit flies, mice, humans, and various 
other organisms; however, the detailed genetic mechanisms for this response are still 
unknown [3].  
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Research Background 
Dietary Restriction and Yeast 
 
Dietary Restriction is the reduction of specific or total nutrient availability 
without resulting in a state of malnutrition [4]. In order to investigate the underlying 
means by which DR slows aging at the molecular level, numerous research studies have 
been conducted on model organisms, with one of the most popular research subjects 
being Saccharomyces cerevisiae, more commonly known as budding yeast [5, 6]. 
S. cerevisiae are unicellular and eukaryotic, meaning that their internal cell 
compartmentalization is structured similarly to that of mammals [3]. Additionally, S. 
cerevisiae yeast cells are used as a popular model for aging because they allow for the 
separate study of both mitotic aging and post-mitotic aging. In other words, budding 
yeast cells demonstrate aging in cells that are still performing mitosis, actively dividing 
or replicating, or cells that are no longer capable of undergoing mitosis [7]. 
The cellular aging of yeast is referred to as mitotic, or replicating aging, and is 
commonly measured in replicative lifespan (RLS), defined as the quantity of daughter 
cells created by parent cells before division ceases [3]. This can be found by assessing 
and quantifying the manual dissection of yeast daughter cells as they are taken away from 
the mother cells [8]. 
Post-mitotic aging is referred to as chronological aging where it is measured in 
chronological lifespan (CLS) defined by the length of time that a cell can survive in a 
non-dividing state [3, 8]. CLS is often evaluated by the quantification of colony-forming 
units rather than a set of parent and daughter cells [3]. 
While both RLS and CLS are viable options for measuring aging, we will be 
using RLS as our unit of measurement for cellular aging as this study focuses on the 
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genetic influences of aging in individual strains. This is more appropriately assessed by 
RLS because the daughter cells expectedly share the same genome as the mother cells 
which will aid in the determination of emergent properties, those found at the system 
level rather than at the component level [2]. Furthermore, the most common method of 
DR for yeast cells is reducing the culture medium's initial glucose concentration, which, 
appropriately, is how RLS is most often assessed in a majority of published studies on the 
subject [9, 10]. 
The methodology for studying RLS under the condition of dietary restriction is 
based on maintaining the yeast cells in a nutrient- rich, growth-supporting medium. This 
culture contains yeast extract, peptone, and glucose (also known as dextrose), which is 
referred to as YPD. It is the glucose component of the control YPD culture medium that 
is manipulated for performing dietary restriction [3, 11]. 
 
 
 
 
Cellular Aging 
 
  There exist numerous, hypothetical models of cellular aging that attempt to more 
accurately define the aging process with identifiable association factors. The use of aging 
models can help determine biologically significant associations between dietary 
restriction and the RLS of yeast [11]. 
This study utilizes the definition of aging that relates the age of the organism with 
the increasing probability of death at any point and deteriorating cellular functions [12]. 
This increasing probability can be designated by the organism’s mortality rate, m(t), 
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which is the decreasing rate of biological viability, S(t), over time t. This relationship is 
represented by the following equation: 
𝑀𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦 𝑟𝑎𝑡𝑒:   𝑚(𝑡) =  −
1
𝑆(𝑡)
𝑑𝑆(𝑡)
𝑑𝑡
 
Aging will occur when the mortality rate is both a positive and increasing 
function as it will indicate the growing chance of dying as an organism ages [9]. The 
biological viability, S(t), is also known as the survival function and can be derived from 
the mortality rate if m(t) is already known [9]. The actual death of a cell occurs when a 
gene that is considered to be essential to cellular function loses all of its interactions with 
other genes as if the essential gene was deleted from the genome [2].  
In order to create a general theory of species aging and longevity, considerable 
investigation has been done towards developing a fundamental quantitative theory of 
aging. The leading theory for biological aging is based on the Gompertz law, which states 
that mortality rates increases exponentially with age. Because the Gompertz law is 
observed in so many diverse biological species, an explanation for the phenomenon is 
highly desired [9, 13]. 
From the Gompertz law derives the two-parameter Gompertz model. It defines the 
mortality rate m(t), at time t, as an exponential function where R0  is the initial mortality 
at t = 0, and G is the Gompertz parameter, or the rate of aging in unites of 1/ time. The 
Gompertz coefficient describes the acceleration of m(t) over time thus making it a 
measure for the rate of aging[2]. The Gompertz model is as follows: 
𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦 𝑟𝑎𝑡𝑒:  𝑚(𝑡) = 𝑅0𝑒
𝐺𝑡 
The initial mortality rate, R, describes an organism or cell's inherent proneness to 
dying without considering external factors. The Gompertz parameter is a coefficient that 
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determines the accelerating rate of the mortality rate over a period of time making it an 
appropriate representation for the rate of aging [14]. 
The basis for this biological aging model comes from Gavrilov & Gavrilova 2001 
Journal of Theoretical Biology [9]. It states that for biological aging, the Gompertz model 
is generally adopted and hypothesizes the above equations related to mortality rate and 
viability of the Gompertz model for a data set. It is based on the findings that this 
exponential increase of mortality rate is a ubiquitous feature of biological aging found in 
organisms as simple as yeast and fruit flies to more complex mice and humans [3, 9]. 
The model offers insight into the mortality, R, and Gompertz, parameters, which 
are utilized for deriving parameter distributions and influences to aging. The following 
are some of the more important equations derived from the Gompterz model:  
 
The viability of the Gompertz Model at time t is represented as s(t): 
 𝑛𝑒𝑡𝑤𝑜𝑟𝑘 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦: 𝑠(𝑡) =  𝑒(
𝑅0
𝐺
(1−𝑒𝐺𝑡))
  
 
The median lifespan can be defined as s(tmedian) = 0.5 or 50% where: 
𝑡𝑚𝑒𝑑𝑖𝑎𝑛 =  
ln (1 + ln (2)
𝐺
𝑅0
𝐺
 
and where viability is estimated with the following equation, normalized from 0 
to 1, and a derivative equation for mortality R at that time: 
𝑅𝑖 =  
𝐺𝑖 ∗ 𝑙𝑛(2)
𝑒𝐺𝑖∗𝑡𝑚𝑒𝑑𝑖𝑎𝑛 − 1
 
The central idea of this study is that if cellular aging emerges as a property of 
gene networks and if DR can improve the reliability of the gene interactions, then our 
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hypothesized network model of aging can provide a hypothesis for how DR actually 
extends lifespan [2]. The gene deletion strands are non-essential genes, in that these 
genes are not considered critical for the survival of the cell. The influence of their 
absence will allow for the mapping of the relationship between genes as a network. 
In regards to the binomial model for gene networks concerning mortality rate, our 
network model can be summarized by a three-parameter binomial function:  
 
 𝑁𝑒𝑡𝑤𝑜𝑟𝑘 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦: 𝑠(𝑡) = 𝑒𝑥𝑝 (− ∫ 𝑢𝑛𝑒𝑡(𝑡)
𝑡
𝑡=0
) = 𝑒𝑥𝑝 (
𝑅𝑡0(1−𝑡 𝑡0)⁄
𝑛
)
𝑛
) 
𝑁𝑒𝑡𝑤𝑜𝑟𝑘 𝑀𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦 𝑅𝑎𝑡𝑒:  𝑢𝑛𝑒𝑡(𝑡) = 𝑅 (1 +
𝑡
𝑡0
)
𝑛−1
 
where 𝑡0 =  
1−𝑝
𝑝𝜆
 
 
  In the binomial model, n represents the average number of gene interactions per 
essential gene, t0 represents the initial virtual age, p represents the probility that a gene 
interaction is active, and 𝜆 represents the decay rate of interaction efficacy. Both 𝜆 and t0 
relate to the reliability of gene interactions [1, 14]. The main difference between the 
binomial model and the Gompertz model is that the binomial model is able to further 
partition the Gompertz coefficient G into n and t0, thus allowing for the interpretation of 
the number of gene interactions per essential gene. The binomial model will be the 
mathematical focus for the ensuing investigation into the influence of DR on the RLS of 
yeast.  
Goals and Aims 
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 In this study, we investigate the interconnection between Dietary Restriction and 
cellular aging in the budding yeast Saccharomyces cerevisiae. Our aim is to investigate 
whether the lifespan extension effect of DR is associated with its effect on gene network 
changes as reflected by the three parameters of binomial aging model.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Methodology 
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The research that will be the basis for this study comes from the Kaeberlein 
dataset from the Schleit 2013 Aging Cell paper [4]. Primarily, we are utilizing the data 
from this study where the lifespans of yeast cells in a controlled environment and a 
restricted caloric environment were recorded. Each dataset contains S. cerevisiae cells 
where a different non-essential gene, one that is not critical to cell survival, has been 
removed. The purpose of this removal is to understand the effect that each individual, 
non-essential gene has on aging and its response to dietary restriction [15]. 
Here, we are determining the effect of DR on lifespan for 168 gene deletion 
strains in Saccharomyces cerevisiae with sample sizes greater than 30 cells. These 
genetic backgrounds have been used to describe association factor in yeast cells between 
2% glucose () and 0.05% glucose (a form of DR) conditions. The data worked with is 
from a parent study that measures the RLS of yeast under DR conditions. This data 
concerns yeast cells with different gene deletion strands, meaning that each yeast cell’s 
response to DR and the control is identified by its lack of one specific gene. The absence 
of single gene allows us to analyze that gene’s influence on yeast aging and genotype-
dependent responses to DR.  
The data was analyzed using biology based, statistical models related to the 
binomial aging model that are able to determine biologically significant associations 
between dietary restriction and the RLS of yeast. The graphical modeling, correlation 
testing, and statistical significance testing were done through probability density profiles, 
viability plotting, and statistical modeling software utilizing different R graphing and 
statistics libraries. 
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Each analysis, numerical calculation, and diagram was performed using the open 
source programming software: RStudio (version 1.1.442), which utilized the R 
programming language and console (version 3.4.4).  The following libraries were 
downloaded for free from their online sources and loaded into RStudio for use in code: 
‘ggplot2’, ‘flexsurv,’ ‘survival,’ ‘stats,’ and ‘sm.’ The function for calculating binomial 
aging was provided by Dr. Qin’s “lifespan.r” source code.   
Analysis of Replicative Lifespan   
 
 The replicative lifespan of yeast cells with each gene deletion strand was recorded 
under two conditions, one with a normal growth medium and 2% glucose concentration, 
the YPD condition, and the other in a dietary restricted medium of 0.05% glucose 
concentration, labeled as DR or 05D. The number of samples for each gene deletion 
strand varied, so in order to ensure there was a large enough sample size for each gene, 
only those with more than 20 samples were considered during analysis.  
 To prepare the dataset for analysis, the data was separated by measurements done 
under YPD and DR conditions. Within each category were the 168 gene strands that each 
had their own .csv file containing the recorded replicative lifespans for the number of 
samples of yeast. The dataset was now converted into two folders, YPD and DR, that 
each contained 168 .csv files named after the specific gene deletion strand.  
The next step was to take the two, sorted datasets and explore the RLS fitting 
outcomes of the Gompertz and binomial models. The sample size, average RLS and 
standard deviation of the RLS of each gene strain were calculated and then used for the 
binomial and Gompertz fitting.  
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The RLS data sets were fit by strains to the Gompertz model with the use of the R 
library ‘flexsurv’ which has a flexsurvreg() function that takes in the recorded RLS 
samples for a single strain and outputs parameters of the Gompertz Aging model. These 
include the initial mortality R-value, Gompertz parameter G, and the Logistic Likelihood, 
LogLikely, and AIC (Akaike information criterion). Both the LogLikely and the AIC 
provide an estimate for the relative quality of statistical models for a given dataset and 
means for selecting the most likely fitting models [16].  
Each strain was then fit to the proposed binomial aging model by selecting 6 as a 
constant for the average number of gene interactions per essential gene, using the initial 
mortality R from the Gompertz fit, and then calculating the initial virtual age, t0, using n 
and the G value from the Gompertz fit. These three values were the input for the binomial 
fitting based on Dr. Qin’s function for binomial aging,  
‘llh.binomialMortality.single.run,’ which output its own values for R, t0, and n.  All of 
these calculated values were then placed into two data frame from the YPD and DR 
values and are listed in Appendix A.  
 In order to determine which genes are being influenced by the dietary restricted 
environment, the average lifespan of the yeast under DR and YPD conditions needs to be 
compared for each individual gene deletion. To determine which genes are having the 
largest change, the difference in average RLS of each gene was divided by RLS under 
YPD. This way, the data is normalized to find the genes with the largest percent change 
when placed under the DR conditions. The source code and some sample output for this 
portion of the investigation is provided in Appendix B and C. 
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Results and Discussion 
 
 The 10 genes with the largest percent change were selected for evaluation 
meaning their absence would have had the largest effect on the replicative lifespan. The 
genes with the largest percent changes due to their absence were genotypes: nhx1, pdb1, 
phb1, phb2, por1, rad6, sod2, vma13, vma2, and vma5.  A comparison of the average 
RLS under DR and YPD conditions for each of these genes, which can now be referred to 
as the “top ten” genes, is shown in Figure 1 below: 
Difference in RLS for Genotypes Resulting in Greatest Change 
 
Figure 1: A bar graph of average RLS’s of 10 genotypes with largest percent change  
 
While all of these genes demonstrate a clear change in RLS under different 
conditions, the direction change can be differentiated into two categories: one of RLS 
extension and one of RLS shortening. In other words, the absence of a particular gene, for 
example phb1, causes a lifespan extension under DR conditions. On the other hand, the 
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absence of the sod2 gene causes a substantial shortening in lifespan under DR conditions. 
The genes that have the “extending” effect are nhx1, pdb1, phb1, phb2, and por1 while 
the genes that have the “shortening” effect are rad6, sod2, vma13, vma2, and vma5. 
Extensive work has already been done to identify the genes in yeast that are 
responsible for aging and has led to investigations into determining the molecular 
mechanisms underlying genotype-specific responses to dietary restriction. The result of 
looking into characterizing the mechanisms of lifespan extension by DR is the 
identification of several single gene deletions that have a significant contribution to life 
extension.  
For example, previous studies on how aging occurs at the molecular level have 
consistently focused on the ‘sod1’, ‘sod2’, and ‘pda1’ genes for how they relate to the 
mechanisms responsible for life-span extension, and in particular how they function 
under periods of dietary restriction [1, 17, 18].  Highlighted in the Schleit 2013 Aging 
Cell paper, the base study for this investigation, also indicate the ‘phb1’ and ‘phb2’ genes 
as showing the most positive response to dietary restriction [1]. Additionally, a report 
from the 2015 Cell Metabolism Journal contains one of the most comprehensive yeast 
data sets of aging, containing 4698 deletions tested strains.  The study indicates that two 
of the most widely studied and well-known genes to have shown direct effects on 
replicative lifespan include the ‘fob1’ and ‘sch9’ genes [8], in addition to the previously 
listed genes.  
Given the extensive literature on the role of particular genes in cellular aging, the 
following seven genes have been included in the comparison along with the ten genes 
with the largest percent change in average RLS. These genes include: fob1, pda1, phb1 
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and phb2 (which also have two of the largest percent changes as shown above), sch9, 
sod1 and sod2.  A comparison of the average RLS under DR and YPD conditions for 
these seven genes signified as playing a meaningful role in the influence of dietary 
restriction is shown in the bar graph of Figure 2 below and will be referred to as the 
“studied” genes: 
 
Difference in RLS for Previously Studied Selected Genotypes 
 
Figure 2: Average RLS’s of genotypes with known lifespan influencing properties 
 
Out of the “studied” genes identified in previous literature, the genes that have the 
“extending” effect are fob1, pda1, phb1, phb2 while the genes that have the “shortening” 
effect are sch9, sod1, and sod2.  
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From what is known concerning the general trend in dietary restriction, the 
expected result is for lifespan to increase. The extending effect on a genotype would 
indicate that that gene’s absence allows for the dietary restrictive effects to take place, 
while the shortening effect on a genotype indicates that the gene’s absence hinders the 
effect of dietary restriction on the lifespan of the cell. Therefore, it can be assumed that 
the genes that create the shortening and extension effects play important roles in the 
effectiveness of dietary restriction. Determining the relationship between the genes and 
dietary restriction is done by breaking down the parameters responsible for aging, such as 
the initial mortality rate, number of interactions per essential gene, and initial virtual age 
and comparing how these parameters changed under DR and YPD conditions.  
Appropriateness of the Binomial Aging Model 
 
 Before determining the effect of individual parameters, the appropriateness of the 
binomial model for the data set needs to be statistically verified. This is to not only 
ensure that the data has sample sets that are large enough to be statistically viable, but to 
also see that the binomial model is an appropriate model for biological aging and 
deterring the effect dietary restriction has on the aging process. To do this, the recorded 
RLS values for each gene were plotted as probability density points and fit to the 
Gompertz and binomial models. The Gompertz model is included as a comparison for the 
binomial model since it is already known that the Gompertz model is an appropriate 
model for biological aging and will be used to reference if the binomial model is also 
appropriate.  
 The formula for the Gompertz probability density function was derived from the 
Gompertz equations for network viability and mortality rate. Upon accepting the R-value, 
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G value, and frequency of the RLS values for a particular gene, represented by the 
variable X, it results in an appropriate probability density. The derived equation for this 
function is as follows: 
𝐺𝑜𝑚𝑝𝑒𝑟𝑡𝑧 𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑡𝑦 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = 𝑅 ∗ 𝑒𝐺𝑥−(
𝑅
𝐺) ∗ (𝑒𝐺𝑥 − 1) 
 The formula for the binomial probability density function was derived from the 
definition of the three-parameter binomial network model itself where the probability 
density function for lifespan is the product of the network mortality rate and the network 
viability [10]. The result is as follows: 
𝑁𝑒𝑡𝑤𝑜𝑟𝑘 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑆𝑚(𝑡)  *   𝑁𝑒𝑡𝑤𝑜𝑟𝑘 𝑀𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦 𝑅𝑎𝑡𝑒:  𝑚𝑛𝑒𝑡(𝑡)  =  
Binomial probability density   =   𝑒𝑥𝑝 (
𝑅𝑡0(1−𝑡 𝑡0)⁄
𝑛
)
𝑛
) * 𝑅 (1 +
𝑡
𝑡0
)
𝑛−1
 
 
To visually and computationally represent the application of these functions, the 
replicative lifespan of each gene was plotted against its probability density with the data 
points being fitted to the Gompertz and binomial models respectively. The regression 
error was calculated using the cor.test() function of the R ‘stats’ library which tests for 
the association and correlation between paired samples. This error is represented by a p-
value between 0 and 1 where a small p-value, less than 0.05 indicates strong evidence for 
the fit of the model.  In the calculations, values were rounded to the nearest thousandth, 
so for where it indicates a p-value = 0 to, it might not necessarily be 0 in value but it is 
smaller than 0.05 and therefore supports the fit of the model.  
A probability density profile was created for each gene where the genes are 
compared under YPD and DR conditions and further compared based on their fits to the 
Gompertz and Binomial models. The source code for the creation of these plots is located 
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in Appendix D. For the purpose of creating a general impression as to the appropriateness 
of the models, several of these probability density profiles are shown in Figures 3 and 4, 
while the probability density profiles of the remaining 14 total evaluated genes are 
provided Appendix E. 
  Probability Density Profile of Gene: vma2 
Figure 3: These are Probability Density Graphs for fitting the appropriateness of the 
Gompertz model (left) and binomial model (right) for modeling the aging process of the 
vma2 gene. Each data point represents the RLS of a sample of vma2 plotted against the 
frequency of that RLS value among all the samples for the set of vma2, in other words, 
the probability density. 
The probability density profile of the vma2 gene represents the fit of the binomial 
model on a lifespan-shortening gene. The binomial function visually fits the data points, 
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with a better fit under DR, as the average RLS of the data and the calculated average RLS 
based on the binomial model are relatively close with a values of 2.3 and 2.7, 
respectively, compared to 5.6 and 2.8 for the YPD fit. These values are comparable to 
those of the Gompertz fit on the left of each graph. Additionally, the p-values are all less 
than 0.05 supporting the binomial model as a statistically viable option for predicting 
biological aging.  
Probability Density Profile of Gene: fob 
Figure 4: These are Probability Density Graphs for fitting the appropriateness of the 
Gompertz model (left) and binomial model (right) for modeling the aging process of the 
fob1 gene. Each data point represents the RLS of a sample of fob1 plotted against the 
frequency of that RLS value among all the samples for the set of fob1, in other words, the 
probability density.  
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The probability density profile of the fob1 gene represents the fit of the binomial 
model on a lifespan-extending gene. The binomial function visually fits the data points, 
and compares closely to each respective Gompertz fit, again with a closer fit for the DR 
data. Also, the p-values are all less than 0.05 supporting the binomial model as a 
statistically viable option for predicting biological aging.  
An important component to distinguish between Figure 3 and 4 is the shape of 
each probability density function. Figure 3 is representative of the lifespan-shortening 
effect and has a decreasing curve where the probability of a longer lifespan decreases as 
the RLS increases while Figure 4, representative of the lifespan-extending effect, has a 
much more normally distributed curve with the highest probability being towards the 
median of the RLS values.  This is noteworthy because it once again distinguishes the 
difference between genotypes in having a shortening and extending effect, this time on a 
probability based level. Another importance of the probability density function curves is 
to also support the confidence in the calculated parameters and values that will be 
presented and the focus of further discussion.  
 
 
Comparison of Estimated Parameters  
 
 The probability density fittings demonstrate that the three-parameter binomial 
function is appropriate for modeling biological aging for the set of 168 gene-deletion 
strands under dietary restricted conditions. In order to examine the influence of the three 
distinct binomial parameters on cellular aging and the gene’s absence, each parameter 
was compared under DR and YPD conditions for the “top ten” largest changes in RLS 
 22 
genes and the “studied” gene deletions. The process for these comparisons is similar to 
that done for the average RLS, where the genes are plotted in DR and YPD conditions 
but the average RLS is replaced with each binomial parameter: the initial mortality rate 
R, the initial virtual age t0, and the average number of gene interactions per essential 
gene n.  
Before being sorted by lifespan extension and shortening, the parameters as they 
are influenced by normal YPD conditions and DR 0.5% glucose conditions were 
calculated for the “top ten” genes so the overall changes for each parameter can be 
effectively visualized. The comparison of R, t0, and n are displayed below in Figures 5, 
6, and 7 respectively: 
        Difference in R for “Top Ten” Changed Genotypes 
Figure 5: A bar graph of the mortality rate R of 10 genotypes with largest RLS change. 
Note that the genotypes that resulted in lifespan extension have visibly smaller values in 
R, such that putting them on the same scale as the shortening genotypes makes it difficult 
to see the changes being made. This is another motive for separating the two groups. 
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Difference in t0 for “Top Ten” Changed Genotypes 
Figure 6: A bar graph of the initial virtual age t0 of genotypes with largest RLS change 
 
Difference in n for “Top Ten” Changed Genotypes 
Figure 7: A bar graph of n average number of gene interactions per essential gene of 
genotypes with largest RLS change 
 
Examination of Figures 5, 6, and 7 indicates that there are some differences 
between the extending and shortening groups for the R, t0 and n values. Regarding the 
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extension group (nhx1, pdb1, phb1, phb2, and por1) have consistently smaller values than 
the genes included in the lifespan shortening group (rad6, sod2, vma13, vma2, and 
vma5). The one exception to this trend is with rad6, which is a part of the shortening 
group but has R and t0 results similar to those of the lifespan extension group. The 
number of interactions between essential genes did not seem to be influenced by if the 
genes were responsible for lifespan extension or reduction as the values remained 
relatively similar across both extending and shortening groups. To further investigate the 
roles of t0, R, and n between YPD and DR conditions, two groups were made that 
combined the “top ten” greatest changes in RLS genes with the most “studied” genes in 
order to distinguish the activity of the parameters in relation to lifespan extension and 
shortening. The lifespan extension group consists of 7 the genes: nhx1, pdb1, phb1, phb2, 
por1, fob1, and pda1. The lifespan shortening group consists of the 7 genes: rad6, sod2, 
vma13, vma2, vma5, sch9, and sod1. The comparison of n, R, and t0, for the Lifespan 
 Extending Genotypes are displayed below in Figures 8, 9, and 10 respectively: 
 
 
 
 
n 
 
 
 
 
 
Figure 8: A bar graph of n no. of gene interactions per essential gene for RLS extending 
genotype 
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Figure 9: A bar graph of change in initial mortality rate R for RLS extending genotype 
 
 
Figure 10: A bar graph of change in initial virtual age t0 for RLS extending genotypes 
 
The three previous figures of the RLS extending genotypes demonstrate the 
changes among the parameters from YPD to DR conditions. Figure 8 shows that every 
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almost all of the genes displayed a general extension of R and t0 from YPD to DR with 
the exception of small shortening in R of phb1, small shortening t0 of por2, and a major 
shortening of t0 for pda1.  
 To compare these increases and decreases, the changes were recorded with each 
extension or shortening gene denoted by percent change of a each parameter under DR 
conditions. The following table, Table 1, not only displays these observations, but and 
also indicates the general trend of the group where the change in R is positive 
(extending), t0 is positive (extending), and n is positive (extending).  It highlights the 
gene pda1 because it has the largest deviation from this trend with t0 largely negative 
(shortening) instead of extending as the majority of the rest of the genes 
Table 1: Comparison of the binomial parameters amongst lifespan extending genes. The 
percentages were calculated by: subtracting the values for each parameter under YPD 
conditions by the values under DR conditions, dividing this result by the values in YPD 
conditions, and multiplying by one hundred. This way, the percent change is in the 
direction from the control conditions to the DR conditions.   
Extension Change R t0 n 
nhx1 + 32.96% + 219.9% + 94.0% 
pdb1 + 452.2% + 141.8% + 110.9% 
phb1 - 3.9% + 676.1% + 97.8% 
phb2 + 69.4% + 428.5% + 102.3% 
por1 + 293.5% - 2.9% + 13.8% 
fob1 + 42.3% + 5.8% + 1.1% 
pda1 + 125.1% - 21.3% + 4.9% 
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The comparison of n, R, and t0 for the Lifespan Shortening Genotypes are 
displayed below in Figures 11, 13, and 13 respectively:  
 
 
 
 
 
 
 
 
Figure 11: A bar graph of n no. of gene interactions per essential gene for RLS 
shortening genotypes 
 
 
 
 
R 
 
 
 
Figure 12: A bar graph of change in mortality rate R for RLS shortening genotype. There 
was a change in R for rad6 and sch9 but they were very small and are included in the 
summary Table 2 on the following page. 
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Figure 13: A bar graph of change in initial virtual age t0 for RLS shortening genotype 
 
The three previous figures of the RLS shortening genotypes demonstrate the 
changes among the parameters from YPD to DR conditions, and their results are 
summarized in Table 2 below with the percent changes of each parameter. 
 
Shortening Change R t0 n 
rad6 - 3.1% - 60.1% + 29.5% 
sod1 - 24.5% - 25.9% + 3.7% 
vma13 - 70.1% 0.0% + 22.4% 
vma2 - 61.3% - 20.2% + 4.8% 
vma5 - 36.2% - 98.2% - 28.2% 
sch9 - 0.1% - 23.1% + 2.7% 
sod2 - 95.7% + 169.5% - 46.9% 
Table 2: Comparison of binomial parameters amongst lifespan shortening genes. The 
percentages were calculated the same way as Table 1 so that the percent change is in the 
direction from the control conditions to the DR conditions.   
0
50
100
150
200
rad6 sch9 sod1 sod2 vma13 vma2 vma5
Genotype
t0
condition
DR
YPD
t0 of RLS Shortened Genotypes
 29 
Table 2 shows that, in general, the lifespan shortening genes had a negative 
change (shortening) of R, a shortening in t0, and a positive change (extension) of n when 
in DR conditions. This is with the exception of the noteworthy increase in t0 for the sod2 
gene and the decreases in n for the sod2 and vma5 genes. Because of the deviation from 
the trend for the rest of the shortening genes, sod2 has been highlighted. 
Because the number of essential gene interactions, n, was almost always 
increasing, while staying within a small margin of about 4 to 8 interactions, for both 
lifespan extending and shortening genes, looking into the relationship between R and t0 
will likely yield more insight as to which of these two parameters of the binomial 
equation play a larger role in changing lifespan under dietary restriction.  
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Contouring the Effect of Binomial Parameters  
 
To determine what is causing the shortening or extending effect on replicative 
lifespan under dietary restriction, a contour map can be used to detail the influence of the 
mortality, R, and the initial virtual age t0 on individual strains.  
A contour map is useful for determining the parameter with the greater effect 
because it is able to plot the contours for the same median lifespan aims to plot contours 
for the same median lifespan (e.g., tmedian = 5, 15, 20, 40, 60, ...). This was done by first, 
defining a a set of t0 values (x-axis), then the R (in log scale) values that serve as the y-
axis are calculated via given t0 input and the contour values (median lifespan tmedian) via 
the following formula, derived from inputting the median lifespan as resulting in an R of 
0.5 or 50%.  
𝑅 =
𝑛 ∗ ln (2)
𝑡𝑚𝑒𝑑𝑖𝑎𝑛 ∗ ((1 +
𝑡𝑚𝑒𝑑𝑖𝑎𝑛
𝑡0
)
𝑛−1
− 1)
 
 
Using this derived function, a series of points (t0, logR) will be calculated, and 
the contour will be based on these constants.  The source code for the creation of these 
plots is located in Appendix F. Determining the direction that each genotype travels 
towards when crossing contour lines shows which factor, R or t0, has a stronger influence 
on the changes behind each genotype. For example, if a gene is almost a vertical line and 
crosses three contour lines, there has been great change but with only a small amount due 
to the changes in t0 and a much larger amount due to changes in R. Similarly, a nearly 
horizontal line would demonstrate change being the product of t0 and less a result of R. 
The contour map shown in Figure 14 demonstrates the effect of the initial virtual age t0 
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and mortality rate, R, have on individual strains that show evident extension in RLS 
under DR.  
 
Figure 14: Contour Map of Binomial Parameters on individual strains that show sizeable 
extension in RLS under DR. The starting point of each arrow represents the t0 plotted by 
the natural log of R for each gene under YPD conditions, while the arrowhead represents 
these values under DR conditions. The contour lines plot contours for the same median 
lifespans where tmedian = 5, 10, 20, 30, 40, 50, and 70, while the direction of the arrow 
represents the extension of RLS based on the increasing change across the tmedian contour 
lines.  
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This figure can be interpreted by separating the extending genotypes into three 
categories: where the mortality rate R has the greatest influence, where the initial virtual 
age t0 has the greatest influence, or where both R and t0 have a relatively equal effect for 
their roles in extending RLS. Based on those three groups, the pdb1, hx1, and fob1 genes 
can be grouped together as having relatively equally strong R and t0 parameters.  
The phb2 and phb1 genes do not move greatly across the y-axis, but they move 
across several contour lines in the positive x-direction, which would suggest that the 
initial virtual age t0 has a major role in the action of these genes. Inversely, the por1 gene 
has little change across the x-axis, in fact it is even in the negative direction, and great 
change across the positive y-axis, suggesting that the mortality rate R has a major role in 
how the por1 influences lifespan.  
Lastly, the pda1 gene is actually pointed in almost the opposite direction of the 
other genes, with a large decrease in initial virtual age with a similar change in mortality 
rate to that of por1. This could be the subject of future investigation, with the question of 
why is this gene in the life-extending category the only one to exhibit a substantial 
decrease in initial virtual age while still increasing in mortality rate. 
 The contour map shown in Figure 15 demonstrates the effect of the initial virtual 
age t0 and mortality rate, R, have on individual strains that show major reduction in 
replicative lifespan under DR.  
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Figure 15:  Contour Map of Binomial Parameters on individual strains that show 
sizeable reduction in RLS under DR. The starting point of each arrow represents the t0 
plotted by the natural log of R for each gene under YPD conditions, while the arrowhead 
represents these values under DR conditions. The contour lines plot contours for the 
same median lifespans where tmedian = 2.5, 5, 10, 20, 40, 75, and 150, while the direction 
of the arrow represents the reduction of RLS based on the decreasing change across the 
tmedian contour lines. 
 
Figure 15 can be interpreted by separating the shortening genotypes into three 
categories similar to that of the extending genotypes. Unlike the extending genotypes that 
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had greater variety, all but two of the shortening genotypes show noteworthy change in 
the negative direction of the initial virtual age, with little change, and negative if any, in 
the mortality rate. These gene vma13 had sizeable movement in a negative mortality rate 
and almost no change in t0.   
Finally, the sod2 gene was the only gene to have shown a change in t0 that was 
not only large but also positive in addition to having a large change in mortality rate. 
Based on this contour map in addition to the observations made in Figure 13, it is likely 
that the fact that the sod2 gene was one of the only genes out of all the shortening and 
extending genes that, in its absence, had a decrease in non-essential gene interactions, n, 
from normal to dietary restricted conditions. This prompts future investigation into the 
role of the binomial parameters and their relationship with the sod2 gene. It also supports 
the findings from other research studies that have focused exclusively on superoxide 
dismutase or SOD [19].  These studies have identified the idea of oxygen free radicals 
and hydro peroxides as being casual factors in cellular aging based on the role of sod1 
and sod2 in producing related proteins. Looking more into these factors could prompt an 
investigation into how they relate to the binomial parameters and being modeled.  
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Conclusion 
 
The findings in this study attempt to fill in some of the voids for the mechanisms 
responsible for cellular aging as they relate to specific gene deletion strands and affect on 
aging dietary restriction conditions. In addition to the data set from the Aging Cell 2013 
paper, the set of tested gene deletion strands is constantly expanding, covering the single-
gene deletion of nearly all non-essential genes [1, 8].  
To build off of another popular model of representing biological aging, the 
Gompertz model, this study approached biological aging with a new model, the three-
parameter binomial model. The main advantage of this model over the Gompertz is that 
the Gompertz model is comprised of into two parameters, the initial mortality rate R and 
the Gompertz parameter G which indicates the rate of aging, while the three-parameter 
binomial model takes this a set further and breaks the Gompertz parameter G into the 
initial virtual age t0 and average number of gene interactions per essential gene n. The 
added parameters allow for a more in depth look into what is happening to the aging 
process when dietary restriction is at play. After identifying genes that when removed 
result in major lifespan extension or reduction, the effect of each binomial parameter was 
examined.  
Regarding the parameter, n, for the average number of gene interactions per 
essential gene, the most striking finding regards a development in both extending and 
shortening cases where it was observed that almost all genes increased in gene 
interactions n when under dietary restriction. These positive values ranged from a slight 
change of 1.1% to at most a 110.9% increase. The two observed genes that resulted in 
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shortening RLS and had a negative change in n from YPD to DR conditions were vma5 
and sod2, with vma5 at a -28.2% decrease and sod2 at a -46.9%.  
Additionally, while for some genes the initial mortality rate R did influence the 
strength of the gene’s effect on aging, in a vast majority, particularly the genes that 
resulted in RLS shortening upon deletion, the initial virtual age t0 played a larger role. 
This was determined from plotting the parameters on a contour map to see which 
parameter had the stronger influence.  
In the extending genes, all of the genes exhibited a large positive increase in R, 
with the exception of phb1 which had a -3.9% change, while in the shortening genes, all 
of the genes exhibited a negative change in R. This could suggest the conclusion that the 
way a gene influences the initial mortality rate, R, could be directly proportional to that 
genes influence on aging under dietary restricted conditions. This same conclusion can 
also be suggested by the t0 where in almost all cases of lifespan extending genes, the t0 
increased, and for almost all the lifespan shortening genes the t0 was decreasing.  
The exceptions to these trends were both regarding t0 where the sod2 gene that 
results in RLS shortening had a large positive percent change in t0 with a 169.5% 
increase, and where the pda1 gene resulting in RLS extension had a negative percent 
change of -21.3%. These exceptions to the general trends of their DR influenced 
counterparts could provide the basis for future investigation regarding what role these 
genes have in gene networks.  
Researching how DR extends lifespan concurrently with investigating increasing 
reliability of gene interactions provides a basis for extensive network modeling and 
potential relationships derived from these models.  
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Recommendations for Further Work 
 
Regardless of how dietary restriction influences the lifespan, the gene interactions 
almost always increased, a property, which could prompt future investigation into the 
influence that dietary restriction has on gene interactions and gene networks [20]. One 
particular gene to look into is the case of the sod2 gene, which actually noticeably 
decreased in gene interactions and actually resulted in an increase in initial virtual age. 
The pda1 gene was also noteworthy in its deviation from genes that created similar 
extending effects, in that it was the only one that actually had a decrease in initial virtual 
age and an increase in mortality rate. This information on both the pda1 and sod2 genes 
could provide insight as to their role and influence in gene networks [21] 
Also, the parameter that had the most notable influence on shortening the lifespan 
in the absence of a gene was the initial virtual age t0. This is a parameter that is not found 
directly from the Gompertz model, and demonstrates the benefit of the three-parameter 
binomial model, and the potential and need for further investigation into the role that 
initial virtual age has on aging and how it is influenced by particular genes.  
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Appendix E: Probability Density Profiles 
 
Figure E1: Probability Density Curves for the binomial and Gompertz models of nhx1 
 
 
 
Figure E2: Probability Density Curves for the binomial and Gompertz models of pdb1 
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Figure E3: Probability Density Curves for the binomial and Gompertz models of phb1 
 
 
 
Figure E4: Probability Density Curves for the binomial and Gompertz models of phb2 
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Figure E5: Probability Density Curves for the binomial and Gompertz models of por1 
 
 
Figure E6: Probability Density Curves for the binomial and Gompertz models of pda1 
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Figure E7: Probability Density Curves for the binomial and Gompertz models of rad6 
 
 
Figure E8: Probability Density Curves for the binomial and Gompertz models of sod2 
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Figure E9: Probability Density Curves for the binomial and Gompertz models of vma13 
 
 
Figure E10: Probability Density Curves for the binomial and Gompertz models of vma5 
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Figure E11: Probability Density Curves for the binomial and Gompertz models of sod1 
 
 
 
 
Figure E12: Probability Density Curves for the binomial and Gompertz models of sch9 
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Appendix F: Source code for Contour Plots 
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